There is increasing evidence that neurotrophins, including nerve growth factor (NGF), exert specific effects on cells of the immune system in addition to their neurotrophic actions. This report shows that human monocytes express the trk protooncogene, encoding the signal-transducing receptor unit for NGF. This receptor is functional, since interaction of NGF with monocytes triggered a respiratory burst, the major component of monocyte cytotoxic activity.
Nerve growth factor (NGF) is the best characterized of the neurotrophins and regulates the development, differentiation, and functional maintenance of both peripheral and central neurons (1, 2). There is increasing evidence that NGF also exerts specific effects on immune functions. NGF induces shape changes in platelets (3) , enhances vascular permeability in rat skin (4) , and causes degranulation of rat peritoneal mast cells (5) (6) (7) , suggesting that NGF is involved in acute inflammatory responses. Furthermore, in humans, NGF promotes colony growth and differentiation of myeloid progenitor cells (8) , induces lymphocyte proliferation of both B-and T-cell populations (9) , and modulates the formation of lipid mediators by mature basophils (10) .
The multiple effects of NGF on target cells are directly dependent on initial binding of NGF to specific cell surface receptors. Two classes of NGF receptors can be differentiated by their relative affinities: a major class of low-affinity NGF receptors (LNGFR), possessing a Kd of 10-9 M, and relatively small numbers ofhigh-affinity NGF receptors, with a Kd of 10-11 M (11, 12) . High-affinity NGF receptors are known to transduce functional responses to NGF (13) . Recent studies have established that the trk protooncogene product, a transmembrane tyrosine kinase, is a receptor for NGF (14) and is phosphorylated on tyrosine after binding its ligand (15, 16) . Recent findings showing that expression of exogenous trk transfected into mutant NGF-nonresponsive rat pheochromocytoma PC12 cells restores NGF responsiveness (17) and that the protein Trk is capable of initiating both differentiation and mitogenic signals in heterologous cell systems, such as Xenopus oocytes (18) and mouse 3T3 fibroblasts (19) , indicate that Trk is necessary for functional
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NGF signal transduction. Whether Trk constitutes the highaffinity NGF receptor by itself (16) or whether the functional receptor represents a complex ofthe LNGFR and Trk (20, 21) is still debated. The finding of trk mRNA in sympathetic ganglia (22) and basal forebrain cholinergic neurons (23) MATERIALS AND METHODS Cell Cultures. Human peripheral mononuclear cells were isolated from blood on Ficoll-Paque gradients (Pharmacia), and monocytes were separated from lymphocytes by adherence to plastic culture dishes according to Boyum (24) . In vitro maturation of monocytes into macrophages was achieved as described (25) . In brief, plastic-adherent mononuclear cells were obtained by exposure of the culture dishes to 4°C for 30 (26) .
Highly purified populations of monocytes were obtained from blood mononuclear cells by counterflow centrifugal elutriation (9) . Purity was >98% as assessed by M3+ surface marker analysis, morphology, nonspecific esterase staining, and latex-bead phagocytosis (27) .
Human histiocytic lymphoma U937 cells (28) (30) . The quality of RNA was checked by formaldehyde/agarose gel electrophoresis. Total RNA of each sample was first reversetranscribed into cDNAs, which in turn were subjected to PCR amplification using specific primers described below. In preliminary experiments, RT and PCR amplification were carried out on dilutions of cDNA synthesized from 0.6-45 ng of total RNA with 20-40 cycles of amplification to identify conditions in which the PCR product signal was quantitatively related to input RNA. Controls using RNA samples without RT or controls without RNA were used to demonstrate absence of contaminating DNA. PCR amplification of a ribosomal protein (S12) cDNA (31) 55°C with trk primers or 50°C with S12 primers, and extension at 72°C for 3 min. Samples (4 ,m4) of the PCR mixtures were analyzed by electrophoresis in 1.3% agarose gels in the presence of ethidium bromide (0.5 ug/ml), followed by alkaline blotting of the fragments onto nylon membranes and subsequent hybridization with specific digoxigenin-labeled DNA probes (32) . Detection was with 3-(2'-spiroadamantan)-4-methoxy-4-(3"-phosphatephenyl)-1,2-dioxetane (AMPPD) as chemiluminescent substrate for alkaline phosphatase conjugated to anti-digoxigenin antibodies (Boehringer Mannheim) as recommended by the manufacturer. Appropriate exposures of Kodak X-Omat films were quantified with a video densitometer (model 620, Bio-Rad). The results were expressed as the ratio of the signal of amplified trk to the signal of amplified ribosomal protein S12. The trk primers used were 5'-CCATCGTGAAGAGTGGTCTC-3' and 5'-GGTGACATTGGCCAGGGTCA-3' (14) , and the expected size of the PCR product was 476 base pairs (bp). The trk primers were chosen from regions outside the tyrosine kinase domain to avoid recognition by other members ofthe tyrosine kinase family of genes, particularly the closely related trkB and trkC genes (2) . Ribosomal protein S12 primers were 5'-GGAAGGCATTGCTGCTGG-3' and 5'-CTTCAATGA-CATCCTTGG-3' (31), and the size of the product was 368 bp.
Measurement of NGF Binding Sites. Indirect immunofluorescent staining was carried out by flow cytometry using biotinylated NGF. In brief, monocytes cultured in microtiter wells in RPMI 1640 with 5% fetal bovine serum were incubated first with biotinylated NGF (10 ug/ml) for 1 hr at 4°C and then with fluorescein-conjugated streptavidin (10 (Fig. 1 Upper) . Further, the identity of the PCR product was confirmed both by digestion with appropriate restriction enzymes (BamHI and Pst I) and by hybridization with a trk-specific probe. As an external control, primers specific for a constitutively expressed control mRNA encoding the ribosomal protein S12 were used.
irk Expression During Monocyte-Macrophage Maturation.
We used a culture system that allows human blood monocytes to differentiate into macrophages to investigate trk protooncogene expression by RT-PCR amplification. trk expression gradually declined during in vitro maturation of human blood monocytes into macrophages (Fig. 1 Upper) . While trk was consistently expressed in freshly prepared and in 1-day-old monocytes, it was no longer detectable in monocyte-derived macrophages cultured for 3-8 days. As expected, constitutive expression of mRNA encoding ribosomal protein S12 was observed throughout maturation ( Fig.   1 Lower), confirming that differences in trk mRNA levels were due to specific regulation of the trk gene. Interestingly, high levels of trk mRNA were also observed in the nonadherent mononuclear cell fraction, a population mainly comprising B and T lymphocytes (Fig. 1 mediated by other cell types. To investigate whether immune stimulants influence monocytic trk expression, monocytes were exposed to SAC (Calbiochem), a well-known monocytic activator. Treatment of monocytes with SAC induced a marked, time-dependent increase in trk mRNA (Fig. 3) . Maximal induction (3-fold) was observed after 72 hr of SAC treatment.
Effect of SAC on NGF Binding Sites. To test whether the altered trk mRNA levels of SAC-stimulated monocytes were also reflected in changes in the levels of NGF binding sites, monocytes were stained with biotinylated NGF followed by fluorescein-conjugated streptavidin (Fig. 4) . Upon immune stimulation (presence of SAC), NGF binding sites on monocytes increased about 2-fold as assessed by flow cytometry.
Effect of Bt2cAMP on trk mRNA Levels. Activation of monocytes by treatment with Bt2cAMP also induced accumulation of trk mRNA. As measured by RT-PCR, trk mRNA levels of treated monocytes were elevated 9-to 20-fold compared with controls (Fig. 5) . To analyze in more detail the cell-type specificity of trk expression, we used the human histiocytic lymphoma cell line U937. These cells are of promonocytic lineage and can be induced to mature into monocytes by treatment with phorbol ester such as PMA (29) . We found that stimulation of U937 cells with Bt2cAMP induced a time-dependent trk induction in PMA-differentiated U937 cells (Fig. 6 ). Maximal induction occurred within 48 hr. In contrast, no effects of Bt2cAMP or of SAC (data not shown) were observed in undifferentiated U937 cells.
Monocyte Differentiation Induced by NGF. To provide evidence that trk mRNA expression correlates with NGF responsiveness, we analyzed the effect of NGF on the respiratory burst activity of monocytes, the capacity of differentiated monocytes to generate highly reactive oxygen metabolites. Exposure of monocytes to NGF induced a significant increase in differentiation of monocytes as demonstrated by a 2-to 3-fold increase in levels of NBT reduction (Table 1) . The fact that addition of an excess of monoclonal anti-NGF antibody completely abolished the oxidative burst clearly shows the specificity of the NGF effect. in culture (shown in hours above each lane), the RNA was isolated and subjected to RT-PCR using trk primers (Upper) or control S12 primers (Lower) as in Fig. 1. (B) Quantitation of trk transcripts. Values are the ratio of densitometric scores for trk and S12 PCR products. Results are means ± SEM of three independent determinations, each done in duplicate. The results are expressed as mean fluorescence intensity ± SEM of three independent experiments, each done in duplicate (7 is the mean fluorescence intensity of unstimulated monocytes). Statistical analysis performed with Student's t test showed significant differences (P < 0.001) between medium alone and medium plus SAC at all SAC concentrations. 27 cycles for control S12 (Lower). (9, 35) . However, the techniques used in these earlier studies did not allow an unequivocal discrimination of LNGFR from crossreactive molecules. Indeed, an extensive homology between the extracellular domain of the LNGFR and a variety of cell surface proteins of lymphocytes and monocytes, including the two tumor necrosis factor receptors, the Fas antigen and CD40, was found (36) . In addition, it cannot be excluded that the LNGFR transcript expressed in immune cells is not identical to that expressed in neurons, and therefore the cDNA might not be recognized by our primers.
Our data provide evidence that Trk alone is sufficient to mediate biological activity of NGF in hematopoietic cells such as monocytes. This concept is consistent with results in neuronal cells showing that (i) PC12 cells are able to respond to NGF in the presence of a blocking antibody to LNGFR (37), (ii) a mutant NGF molecule lacking a LNGFR binding site still has biological activity on PC12 cells (38) , and (iii) developing neurons expressing trk but not LNGFR display functional responses to NGF (39) .
If NGF has a modulatory role on cells of the immune system, it may be involved in nerve regeneration, since macrophages and cytokines recruited at sites of lesion have been shown to modulate neuronal survival as well as nerve fiber outgrowth, and interleukin 1, one of the most potent inflammatory mediators, induces NGF synthesis at sites of injury (40) . Moreover, injection of monocytes/macrophages into the immediate surrounding of sensory nerve cell bodies significantly enhances axonal regeneration in dorsal root fibers (41) . Since NGF and monocytes colocalize at sites of inflammation and axonal injury, it is possible that NGF-Trk interactions modulate nerve regeneration and immune responses. Microglial cells are known to invade areas of neurological damage in a similar way to monocytes in the periphery. A key question is whether damage to neurons in the central nervous system causes similar changes in trk expression in microglia, if indeed trk is transcribed at all in these cells. The results presented here, in line with recent data showing that lymphocytes express functional highaffinity NGF receptors (9, 42) , strongly imply that NGF is a signaling molecule mediating cross talk between the immune system and the nervous system. We thank Dr. J. Scully for critical reading of the manuscript and B. Schmutz for skillful technical assistance. This study was supported by the Swiss National Foundation for Scientific Research (Grant 31-29954.90) and by the Deutsche Forschungsgemeinschaft (SFB 325).
